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Apoprotic myocardial cell death in the setting of arrhythmogenic right ventricular
cardiomyopathy
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Introduction

Background — Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a primary heart mus-
cle disease characterized by progressive atrophy of the right ventricular myocardium accompanied
by fibro-fatty replacement. We examined whether tne loss of myocardial cells in the setting of ARVC
could resuit from cell death by apoprtosis as demonstrated by the detection of DNA fragmentation
and the expression of apoptosis regulatory proteins (e.g. CPP-32, Bcl-2, and Bax).

Methods — Specimens obrtained from the right ventricular myocardium of || patients with ARVC
(ARVC group) and 10 age-matched normal individuals {control group) were analysed. To identify indi-
vidual cells undergommg apoptosis, paraffin sections were examined with the TdT-mediated dUTP-biotin
nick end labelling method (TUNEL) and the rabbit polycional anti-single stranded DNA method
(ssDNA). The apoptotic index was calculated as the percentage of nuclei staining positive by the
TUNEL or ssDNA method. We aiso used immunonistochemical techniques to examine the levels
of CPP-32, Bcl-2, and Bax expression.

Results -— Apoptosis was detected in the ARVC group with a mean apoptotic index of 5.7 £ 4.5%
(ssDINA) and 23.8 1 7.5% (TUNEL), but not in the control group (p < 0.01). CPP-32 expression and
Bax overexpression were observed in the ARVC group. However, Bcl-2 expression was not seen in
either group.

Conclusions — Apoptotic myocardial cell death occurs in the setting of ARVC and may contribute
to the loss of myocardial cells. {Acta Cardiol 2005; 60(5): 465-470)

Keywords: arrhythmia - cardiornyopathy — apoptusis — pathology.

Apoptosis {programmed cell death) 1s 4
mediated process that allows individual

genetically
cells to be

Arrhythimogence right venwricular cardiomyopathy
{ARVC) 15 a pnimary  heuart
unknown cause and is charactenzed pathologically by
progressive foss of myocardium  with fibro-futty
replucement’. The affected area is the free wall of the
right venuricle while the interventricular septum 1s
wually spared. A vanable amount of left venuricular
involverent has also been identified in some patients’ =,
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muscle disorder of

deleted trom tssues’. Apoptosis can be detected by
two recently developed in s techimques. terminal
deonynucleotidyl transferuse-mediated dUTP-biotin
pick end-labelling method (TUNEL)Y and the rabbit
polyclonal  anu-single  suranded  DNA - method
(ssDNAP. was introduced to identify apoprotic cells in
parafiin-embedded ussue sections. The former method
15 based on the specific binding of terminal deoxynu-
cleotdvl trunsterase (Td'T) 1o the 3-0OH ends of DNA
breaks that can be identified by immunohistochemi-
cal detecnion of boun-labelled dUTP The laner
method 1s based on denaruranion of DNA Jn site
the presence of My~ with subsequent staimng with
an antibody specific for singie-stranded DNA.
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Apoptosis has been postulated to account for pro-
gressive myocardial atrophy. which is a typical feature
of ARVC and a cause of cardiac clectrical instabil-
ity®. Evidence of apoptosis in the setting of ARVC
has been documented in postmortem specimens’. but
whether postmortem autolytic cell death may also
cause cell nuclei to be TUNEL positive remains con-
troversial®. To identify individual cells undergoing
apoptosis. paraflin sections obtained from the right
ventricular myocardium of |1 patients with ARVC
were examined with the TUNEL and ssDNA meth-
ods. We also used immunohistochemical techniques to
determine the levels of CPP-32, Bel-2. and Bax expres-
sion in relation to the degree of apoptosis.

Methods

The diagnosis of ARVC was established in
11 patients based on the standafdized criteria of
McKenna et al.”, which encompass structural, his-
tological. electrocardiographic, arrhythmic, and
genetic factors. The clinical diagnosis of ARVC was
fulfilled by the presence of two major criteria, one
major plus two minor criteria, or four minor crite-
ria. The histomorphometry of endomyocardial
biopsy specimens was determined according to
Angelini et al.'%. Specifically. the presence of fatty
tissue and fibrous tissue exceeding 3.21% and
40,38%, respectively. should be considered highly
suggestive of arrhythmogenic right ventricular car-
diomyopathy in right ventricular endomyocardial
biopsy samples.

Eight patients were men and three were women
{59.2 £ 17.2 years), and specimens were obtained at
the time of cryosurgery. Samples from [0 age-matched
normal individuals (3 men and 7 women. 54.2 £ 19.2
years) were analysed as controls. The control samples
were specimens of right ventricles obtained from
autopsied hearts in patients without apparent cardiac
diseases. The samples were fixed for 3 to 4 h in 10%
phosphate-buffered formalin, 3-pm paraffin-embed-
ded sections were cut and stained according to the
haematoxylin and eosin and Masson’s trichrome tech-
niques.

TUNEL

The samples were fixed for 3 to 4 h in 10% phos-
phate-buffered formalin. 3-um paraffin-embedded sec-
tions were cut. and mounted on glass shdes pretreated
with saline. Tissue sections were deparaffinized,
hydrated by transferring the slides through the follow-
ing solutions: twice in a xylene bath for 3 min. and
then for 2 min in 100% ethanol, and then washed with
distilled water. After this procedure. we were careful

not to allow the tissue sections to dry. Then the shdes
were incubated with 20 pg of proteinase K per milli-
liter of phosphate-buffered saline. Endogenous perox-
idase was inactivated by incubation with 3% hydrogen
peroxide. Tissue sections were stained using the MEB-
STAIN Apoptosis Kit I svstem (Medical & Biologi-
cal Laboratories. Nagova. Japan) that identilics cells
with internucleosomal DNA fragmentation of apop-
tosis, The procedure was performed according to the
manufacturer’s instructions. The method s based on
the preferential binding of terminal deoxynucleotidyl
transferase (TdT) to the 3 -hydroxyl ends of DNA®.
Briefly, residues of biotinylated deoxvuridine triphos-
phate (dUTP) were catalytically added to the ends of
DNA fragments by the enzyme TdT. After end-
labelling. the sections were incubated with avidin-con-
jugated FITC to detect the biotin-labelled nuclei.
Apoptotic bodies were identified by fluorescent
microscopy. Human thymus tissue was used as a pos-
itive control. Sections were {irst examined under fluo-
rescent microscopy at low magnification (x 160). and
at least 100 myocytes were counted. The apoptotic
index was calculated as the number of positively stain-
g myocytes divided by total myocyte number and
multiplying that value by 100. Cardiomyocytes were
easily distinguished morphologically from other rare
nonmyocytes under fluorescent microscopy at high
magnilication (x 320).

IMMUNOHISTOCHEMICAL DETECTION OF POLYCLONAL
RABBIT ANTI-SINGLE STRANDED DNA

Polyclonal rabbit anti-single stranded DNA
{ssDNA) recognizes DNA fragmentation caused by
single-strand breaks i nuclei during programmed cell
death, because this antibody binds specifically to
ssDNA that is more than 5 or 6 nucleotides in length
and does not cross-react with double-stranded DNA or
RNA. Reactivity has been observed in apoptotic lym-
phocytes in the germinal centre of lymphoid follicles
as well as in tumour cells. In addition. the nuclet of
drug-induced apoptotic cells and cells that have under-
gone programmed cell death in the mouse embryo react
with this antibody!".

After deparaffinization and hydration. endogenous
peroxidase was inactivated by the addition of 3%
hydrogen peroxide. All sections were incubated with
polyclonal rabbit anti-ssDDNA antibody (1:200 dilu-
tion. DAKO JAPAN co.. Lid.. Kyoto, Japan) for
60 min at room temperature, washed 3 times for 3 min
in phosphate-buffered saline and incubated with
EnVision+ ™ peroxidase-conjugated anti-rabbit anti-
body (DAKO co., Lid.. Carpinteria. CA. USA) for
30 min at room temperature. Chromogenic identifi-
cation of bound antibody was performed. Human
thymus was used as 4 control.
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[MMUNOHISTOCHEMICAL  DETECTION oF CPP-32

PROTEASE

CPP-32 is a cysteine protease required for the
initiation of apoptotic cell death'2. It is related to inter-
leukin-1f,-converting enzyme (ICE) and CED-3, the
product of a gene required for programmed cell death
in the nematode Caenorhabditis clegans. CPP-32 is the
specific ICE/ CED-3-like mammalian cysteine protease
that cleaves and inactivates poly (adenosine diphos-
phate ribose) polymerase. an enzyme involved in DNA
repair and genome integrity, and thus may be the
human equivalent of CED-3!. Therefore, to provide
further evidence for the presence of apoptosis in the
setting of arrhythmogenic right ventricular cardiomy-
opathy, we determined the level of expression of CPP-
32 in the right ventricles of the patients and control
individuals using immunohistochemical techniques.

After deparaffinization and hydration, endogenous
peroxidase was inactivated by.the addition of 3%
hydrogen peroxide. All sections were incubated with
polyclonal rabbit anti-human CPP-32 (1:250 dilution,
DAKO Co.. Ltd., Carpinteria, CA, USA) for 60 min
at room temperature, washed 3 times for Smin in
phosphate-buffered saline and incubated with
EnVision+T™™ peroxidase-conjugated anti-rabbit anti-
body (DAKO) for 30min at room temperature,
Chromogenic identification of bound antibody was
performed. Human thymus was used as a control.

IMMUNOHISTOCHEMICAL DETECTION OF BAX anD BCL-2

The protein encoded by the bel-2 gene is a regula-
tor of programmed cell death and apoptosis. The cell
survival-promoting activity of this protein is opposed
by Bax. a homologous protein that forms heterodimers
with Bcl-2 and accelerates rates of cell death!?, Bax
homodimerizes and forms heterodimers with Bel-2 in
vivo, Overexpressed Bax accelerates apoptotic cell death
induced by cytokine deprivation in an IL-3-dependent
cell line and also antagonizes the death repressor
activity of Bcl-2. Therefore, it has been suggested that
the ratio of Bel-2 to Bax determines survival or death
following exposure to an apoptotic stimulus!*.

After deparaffinization and hydration. endoge-
nous peroxidase was inactivated by the addition of
3" hydrogen peroxide. All sections were incubated
with polyvclonal rabbit anti-human Bax antibody
(1:1500 dilution, DAKO Co., Ltd., Carpinteria, CA.
USA) for 60 min at room temperature, washed 3
times for 3 min in phosphate-buffered saline and
incubated with EnVision+™ peroxidase-conjugated
anti-rabbit antibody (DAKO) for 30 min at room
temperature, Chromogenic identification of bound
antibody was performed. Human thymus was used
as a control.
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On the other hand, after deparaffinization and
hydration, endogenous peroxidase was inactivated by
the addition of 3% hydrogen peroxide. All sections
were incubated with monoclonal mouse anti-human
Bel-2 antibody (1:1500 dilution. DAKO Co., Ltd..
Carpinteria, CA, USA) for 60 min at room tempera-
ture, washed 3 times for 5 min in phosphate-buffered
saline and incubated with EnVision+™ peroxidase-
conjugated anti-mouse antibody (DAKQO) for 30 min at
room temperature. Chromogenic identification of
bound antibody was performed. Human thymus was
used as a control.

STATISTICAL ANALYSIS

All data are presented as the mean * standard
deviation. Significant differences were determined using
Student’s t test (StatView-J 4.11). A value for P <0.05
was considered significant,

Results

The nuclei of the TUNEL-positive cells are identi-
fied by green under fluorescent microscopy because
avidin-conjugated FITC was used for specific staining
(Fig. 1A). In contrast, the nuclei of the ssDNA-posi-
tive cells are stained brown (Fig. 1B). The cytoplasm
of the CPP-32-positive cells is stained brown (Fig. 2).
The cytoplasm of the Bax-positive cells is also stained
brown (Fig. 3A). but Bel-2-positive cells are not iden-
tified (Fig. 3B).

The results of the ARVC group are summarized in
Table I. The apoptotic index by the TUNEL method
(23.7 £7.6%) is much greater than that by the ssDNA
method (5.7 £ 4.5%). All of the specimens in the ARVC
group were stained with the CPP-32 antibody and Bax
antibody. but did not stain with the Bel-2 antibody.

The apoptotic indexes of the control group were
10.2 £ 8.3% by the TUNEL method and 0% by the ssDNA
method (p <0.01), which are not shown in the table. None
of the control specimens stained with the CPP-32 anti-
body. the Bax antibody, or the Bcl-2 antibody,

Discussion
THE TUNEL METHOD AND THE $SDNA METHOD

The TdT-mediated dUTP-biotin nick end labelling
method (TUNEL method) developed by Gavrieli et al#
has enabled in siti visualization of DNA fragmentation
at the single cell level and is considered to be a more sen-
sitive method than conventional morphological tech-
niques. Therefore, the detection of apoptotic cells is pos-
sible in a variety of histological specimens. However.
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Fig. 1. The nuclet of the TUNEL-positive cells are identified by green under luorescent microscopy hediuse avjain-conjugated

FITC was used tor speciiic staming at @ magnificaton of x 320 (A} In contraste the nucket of the ssPNA-posiove vells are swaned

brown at i magaification of x 400 (B). 263

Fig. 2. - The cytoplasm of the CPP-
stained brown at a magniticavon of x 400,

Grast-Kraupp et al.? reported that the TUNEL reaction
can oceur in necrotic cells and m insufficiently fixed
awolytc cells because the TUNEL method detects DNA
fragmentation. Because the TUNEL method is compli-
cated, 1t is possible that non-specific reactions are ampli-
fied.

For the ssDNA method, we used the polyclonal rab-
bit anti-single stranded DNA (ssDNA) antibody. The
ssDINA antibody specifically recogmzes DNA fragimen-
tation of more than 5 or 6 bases caused from a single
strand break during programmed cell death, but it does
not cross-react with double-stranded DNA or RNA.
Thereiore, the specificity of the ssDNA method 1s much
areater than that of the TUNFEL method®,

I this study, because the TUNEL method was used
for specimens that were fixed in 1% phosphate-butlered
formalin, we hypothesize that non-specific reacuons
occurred i the cells. Therefore, the apoptotic index
based on the TUNEL method (23.7 £ 7.0%) 15 much
greater than that based on the ssDNA method
(3.7 ). Theretore, the ssDNA miethod is thought
to be much easier o perform and more specific than
the TUNEL method for the dewcton of wpoptotic cells,

—

2-positive cells 1s

Fig. 3. The cyroplasm of the Bax-posiuve cells i stained
brown at @ magnilicanion of x 400 (A), but Bel-2-posiuve cells
are pot identified at o magnification of x 400 (B).

THE DETECTION OF THE APOPTOTIC CELLS BY THE
CPP-32 ANTIBODY

CPP-32 15 o putative mammalian cysieine protense
that s responsible for the cleavage and macinvauon ot
poly (ADP-ribose) polymeruse, which appears 10 be
involved m DNA repair or genome surveillance and
mitepnity, and is necessary {or apoptosis. This proenzyine
is refated to interleukin-1f,~converting cuzyvine (1CE)

and CED-30 the product of a gene required for
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Table 1. - Swmmarized resuldts of the ARVC group

Patient number Age (vearsYeender TUNEL (") ssDINA (") CpPp-32 Bax/Bel-2
] JHM 19.9 20 positive positive/negative
2 {8/M 26.2 4.4 positive postine/negative
3 S2M 19.9 49 positive positive/negative
4 S3F 2258 5.1 positive posttive/negative
3 RETAY 9.5 20 positive positive/negative
t 353/M 208 12.7 positive positive/negative
7 S6/F 225 6.7 positive positive/negative
8 46/M 222 3.5 positive posttive/negative
9 S5/M 256 158 positive positive/negative
1] 42/F 359 30 positive positive/negative
11 46/M 41.8 3.0 positive posttive/negative
237176 57445

programmed cell death in Cacnorhahditis elegans. A
potent peptide aldehvde inhibitor has been developed
and shown to prevent apoptotic events in virro. suggest-
ing that CPP-32 1s important for the initiation of apop-
totic cell death!”. In all of the specimens from the ARVC
group. we identified definite CPP-32 expression. but not
in the control group. Theretore. in the ARVC group. the
loss of cardiomvyocytes may be the result of apoptosis.

Bax anD Bcr-2

The protein encoded by the bel-2 gene is a regula-
tor of programmed cell death and apoptosis. The cell
survival-promoting activity of this protein is opposed
by Bax. a homologous protein that forms heterodimers
with Bel-2 and accelerates rates of cell death. Bax
forms homodimers and heterodimers with Bel-2 i vivo.
When Bax expression predominates. programmed cell
death is accelerated. and the death repressor activity of
Bcl-2 is inhibited. Therefore. it is believed that the ratio
of Bel-2 to Bax expression determines the susceptibil-
ity to cell death following an apoptotic stimubus!'>14,
When Bel-2 is in excess. cells are protected. but when
Bax is in excess and Bax homodimers dominate. cells
are susceptible to apoplosis.

In all of the samples in the ARVC group. we noted
Bax overexpression. but not Bel-2 expression. In the
control group. we were not able to identify Bax expres-
sion or Bel-2 expression. Therefore. in the ARVC
group. the loss of cardiomyocytes may have been the
result of apoptosis.

In conclusion. apoptotic mvocardial cell death
occurs in ARVC and may contribute to the loss of
myocardial cells that is consequently thought to result
mn heart failure,

STUDY LINMITATIONS

We have analvsed a relatively small number of heart
specimens from patients with ARVC. For the detection

of apoptotic cardiomyocytes, we did not assess DNA
laddening or detect apoptotic bodies by electron
microscopy. However. we were still able to show dif-
ferences in the rate of apoptosis between the ARVC
group and the control group using immunohisto-
chemical techmques.
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